GROWTH AND DEVELOPMENT OF ISOLATED PHYCOMYCES SPORANGIOPHORES' HANS E. GRUEN2 BIOLOGICAL LABORATORIES, HARVARD UNIVERSITY, CAMBRIDGE, MASSACHUSETTS
The large sporangiophores of Phycomyces (Order Mucorales) have long been favorite objects for research in several areas of fungus physiology. However, these asexual reproductive structures differ greatly in development from the vegetative mycelium, and none of the information now available on the nutritional requirements and metabolism of entire Phycomyces colonies applies to the sporangiophores themselves.
In order to achieve an understanding of the metabolic processes involved in the growth and tropistic responses of sporangiophores, it seemed imperative to study these structures separately from the mycelium.
The feasibility of removing Phycomyces sporangiophores intact from the mycelium has been mentioned several times in the literature. Laurent (13) determined certain osmotic quantities of isolated sporangiophores. Burgeff (3) excised sporangiophores for his hybridization experiments, and thought that they remained turgid because the basal ends were apparently plugged with cytoplasm. Grehn (8) made a few observations on the growth of isolated Phycomyces sporangiophores as part of his studies on the sporangiophores of several nmucoraceous fungi. Isolated immature sporangiophores placed horizontallv on malt agar blocks, with their bases and apical portions in air, stopped growing for a few hours due to "wound shock," but then resumed growth by first forming sporangia. The morphology of these specimens was nornmal, and there wvas no regeneration of mycelium 'Received revised manuscript October 6, 1958 . 2 Aided by a postdoctoral fellowship grant from the American Cancer Society.
at the base; their phototropic and geotropic sensitivity was retained. In a parallel experiment with an isolated sporangiophore wedged between agar blocks (basal and apical portions in air) Grehn found that the growth rate was reduced by almost 50 % when compared with that of intact sporangiophores, and that the final length (61 mm at 39 hours after resumption of growth) was less than normal (98 mm in 32 hours). No other data are given. Grehn thought that sporangiophores treated in the manner described must obtain all their nutrients and water through the cell wall, which was somewhat lighter and more transparent at the contact area. He speculated that a lack of water might be an important, although not necessarily the sole cause of the reduction in growvth. When isolated sporangiophores were embedded in small gypsum blocks placed on nutrient agar most of them produced branches after 18 to 24 hours. Isolated sporangiophores were used by Roelofsen (14) in his "iron lung" experiments, and by Johannes (10) in work on vital staining with fluorescent dves. Other reports in the literature indicate that intact sporangiophores of Pilobolus, a genus related to Phycomyces, can also be removed from the myceliumii. For instance, Biinning (2) studied the elastic extension of the cell wall of isolated sporangiophores of Pilobolus kleinii.
However, in none of this work, apart from Grehn's limited observations, %vere the isolated sporangiophores actually grown, nor were they maintained for any length of time.
In preliminary experiments the author (9) For purposes of comparison growth measurements were also carriecl out on sporangiophores connected with the mycelium. These were grown in 10 cc beakers filled with potato-dextrose agar to 1.5 cm below the rim. When enough sporangiophores had grown to a height between 1.5 and 2 cm those outside this size range were removed. While this procedure is laborious, and does not prevent initiation of a 2nd crop, the specimens to be measured can still be distinguished after many hours. One or two additional extirpations of 2nd growth sporangiophores were usually carried out in long-term studies. However, after a certain time the cultures can no longer be touched in view of the length of the sporangiophores. Thus, after about 3 days from the start, some of the sporangiophores measured may have actually grown for a shorter time. However, the average final growth will at most be somewhat underestimated.
For short-term studies these cultures were kept in the chambers described above (fig 1) . but for longterm growth measurements they were transferred to chambers made of 2 beakers mouth to mouth, or covered by a lucite box.
For dry weight determinations sporangiophores were grown under the standard con(litions of light and temperature on potato-dextrose agar in 6 cm Petri dishes covered by tall beakers. Shortly after removal from the mycelium the sporangiophores were placed in small beakers, and dried to constant weiglt for 12 hours at 800 C. The point at which growth resumed after isolation can often be detected by a slight constriction of the sporangiophore, which then tapers steadily towards the apex. The distance from the base to the short narrow region has shown good agreement with the original length.
Sporangiophores generally become narrower towards the base, and connect with a relatively wide hypha at a point which is frequently distinguishable on isolated specimens by a slight widening. The large hypha is torn off close to the sporangiophore base, and sometimes also carries short amputated sections of other hyphae. The globular lateral branches which Grehn (8) designated as storage vesicles in Stage 1 are very rarely encountered at the base of isolated sporangiophores although they are present abundantly on the surface hyphae of the mycelium. It should be noted that isolated sporangiophores grew well without even remnants of any branch hyphae at the base.
In water the majority of isolate(d sporangiophores were not found to regenerate mycelium visible to the naked eye. The possibility that very short hyphal branches are sometimes regenerate(l directly at the base cannot be excluded since it was hardl to observe the base carefully during preparation of the cultures. The variability in those sporangiophores which were observed with the miiicroscope just after isolationi precludes any generalization about their initial con(lition. figure 3 , with large circles indlicating overall means. and small circles the means of individual runs. The initial length of isolated sporangiophores was 1 to 2 cm, and of the normal sporangiophores 1.5 to 2 cm (1.8 cm is taken as the average).
The shape of the curves around 10 hours reflects the development of sporangiophores described in the preceding section. Apart from the growth stoppage immediately following isolation, the average growvtl of excised sporangiophores is very low up to 10 hours because most of them are in Stage 2-3, and have ceased elongating for some time. The steep increase in growth rate between 10 and 13 hours reflects the beginning of the 2nd stage of elongation (Stage 4) in a high proportion of the indlividuals. This was also suggested by the data in figure 2 .
In contrast, the average groNwth curve for sporangiophores connectedI with the mycelium rises more steeply from the origin, since some sporangiophores continued growring for more than 1 cm in Stage 1 before initiating sporangia. It is also less steep than the curve for isolated sporangiophores up to about 16 hours because, on the average, Stage 2-3 persisted longer in intact cultures.
The maximum average growth rate of isolated sporangiophores falls approximately between 13 tt Calculated from pooled individual measuremenlts.
the sanme trend as the data fromii mass cultures in figure 3 . By 64 to 67 hours 9 of 16 sporangiophores had stopped growing.
The curve for isolated sporangiophores in figure  3 is constructed around overall means, and seems to represent a family of curves of similar shape. T'he dispersion is greatest where the curve decreases in slope (40 to 100 hours), and the overall means would lead one to expect little further growth after about $0 hours. Since 3, inset) of the table and that of the undamaged plants in the low-er half. It is evident that the treatment increased the frequency of internal damage in spite of the fact that some of the treated sporangiophores escaped detectable injury. However, there was no clear-cut effect of strong pressure on the branching incidlence. For instance, the large increase in damaged sporangiophores in experiment 1 b occurred in the absence of any branching. All branched specimens in the treated series andl two-thirds of the branched controls showed evidence of internal damage. It might be recalled here that Kohler (12) briefly reported the production of lateral "hyphae" when slight pressure was exertedl on Phycomyces sporangiophores. In order to test the possible effects of contact with the growth zone 2 series of Stage 1 sporangiophores were attached to the supporting slide in such a position that the apical growth zone was in contact with the petrolatum. The branching incidence was 10 to 20 % greater than in the controls, and the treated series which gave the larger value showed no internal damage in any specimen. There was no distinct effect on growth, and the average for treated sporangiophores (7.2 cm) was actually slightly greater than that of the controls (6.7). Banbury (1) found that lanolin-water-paraffin paste applied to the tips of Stage 1 sporangiophores was usually without obvious morphological effect.
The effects of water deficiency are illustrated in table V. Three series of Stage 1 sporangiophores were suspended from the slide with their bases 5 to 7 mm above the water level. The results show that the growth of otherwise undamaged sporangiophores was greatly reduced in every instance compared to the controls, and that branching increased in 2 of theliquid water. A few sporangiophores even regenerated a slight amount of mycelium in air. One series of sporangiophores was tested without water in the dish, but there was no growth.
While water deficiency increases branching and decreases growth, the same effect can be obtained by immersion of the apical portions of Stage 1 sporangiophores in water. None of 20 individuals formed sporangia under these conditions, but in almost half there was a thickened region, which in some instances was so pronounced as to suggest an aborted sporangium. Although only few of these sporangiophores showed signs of damage due to handling, 65 Curry and Gruen (6) showed that normal Phycomyces sporangiophores gave strong negative curvatures in response to unilateral ultraviolet radiation. In order to find out whether isolated sporangiophores of the same strain respond in a similar way, they were grown on water, and exposed to unilateral ultraviolet (280 Apparently the dry weight reaches a plateau at about 10 cm length. The mycelium seems to continue supplying the sporangiophores with some materials in Stage 4, but the resulting increase in weight is disproportionately low relative to the pronounced total elongation during that stage, and compared to Stages 1 to 3. Part of the weight in Stage 4 is accounted for by the spore mass and by the extensive cell wall, and it is likely that growth in this stage involves primarily a conversion of cell contents to wall substance. This is also suggested by the data for isolated sporangiophores on water which form sporangia soon after isolation ( fig 2) suggest water uptake through the wall. Another possible contributing factor to the decrease in growth of nnbranched but injured sporangiophores is the partial loss to the growing apex of materials essential for growth, some of which are retained in the basal portion by blockage of transport at the injured region. The occasional production of lateral branches at, or close below, the damaged part supports this idea.
The latter phenomenon, lateral branching, is of interest from several points of view, especially be-*cause it represents an example of interference with apical dominance. Growth stoppage at the morphological apex (Stages 1 to 3) is usually associated with branching just below it, both in isolated sporangiophores, and, according to earlier investigators. in sporangiophores on the mycelium. It is a reasonable assumption that the growing apex normally prevents branching, possibly through a hormonal mechanism similar to that encountered in higher plants. \Ahen the apex stops growing under abnormal conditions, presumably through damage, the inhibitory mechanism is removed. The fact that elongation stops also under normal conditions during sporangium initiation and enlargement is no obstacle to the idea that apical dominance might be under hormonal regulation, since the young sporangium could still perform this function. But injury in the lower portions of a sporangiophore might make the apical dominance inoperative below the damaged region, and sporangiophore initiation could then take place if sufficient building m-aterials are available. The idea that there is hormonal control of growth is only a working hypothesis, and the effect of injury deserves further study. Kirchheimer (11) found that sections of Phycomvces sporangiophores cut from the middle produced usually one branch solely at the apical end and below the cicatrization. However, treatment of the section with illuminating gas or camphor increased the branching and made it more basal.
In view of the abnormalities encountered in some of the isolated sporangiophores the question could be raised whether their failure to grow as well as normal ones (fig 3) might be merely because they are all injured to a greater or lesser degree during handling. However, it is only the final length of isolated sporangiophores which is less than that of individtuals connected with the mycelium; the average growth rate is the same although it continues for a shorter time. In contrast with this, 7 measurements made on injured sporangiophores grown for 20 to 25 hours gave an average of 1.1 cm as compared to 3.5 cm for undamaged individuals. It is believed, therefore, that the slowing down of growth in isolated sporangiophores is due to the exhaustion of some material, not to any damage. SUMMARY A technique is described which allows the culturing of isolated sporangiophores of Phycomyces on water or solutions. Sporangiophores isolated in Stage 1 underwent normal morphological development. After a period of little or no growth following removal from the mycelium, they initiated sporangia between 4 and 5 hours, and completed Stage 2-3 at about 13 hours after isolation (230 C and constant illumination). During Stage 4 they attained the same growth rate as that of sporangiophores attached to the nmycelium. However, the isolated sporangiophores stopped growing between 60 and 80 hours, while comparable sporangiophores attached to the nmycelium continued growing for 120 hours or more. The average final length of isolated sporangiophores was thus about 4 cm less than that of normal specimens. The growth of isolated sporangiophores after 80 hours was the same in light as in darkness, and the isolated sporangiophores did not significantly change the pH of the water during their growth.
The total growth of Stage 1 sporangiophores after 64 to 100 hours was independent of their initial length at the time of isolation for values between 1.2 and 4 cm. Those of 1.0 to 1.1 cm initial length grew on the average 0.4 to 0.6 cm less than the longer individuals. Sporangiophores isolated in Stage 2-3 grew less than those of any length isolated in Stage 1, and those isolated in Stage 4 grew less still.
In sporangiophores attached to the miyceliunt there was a pronounced increase in dry weight during Stage 1 which was almost directly proportional to the increase in length. In Stage 2-3 there was a slight further increase in weight. but no subsequent increase occurred until the sporangiophores, now in Stage 4, had attained a length of 10 cm, when an additional weight increase was observed. However, isolated sporangiophores grown for 64 to 67 hours on water suffered a slight loss in dry weight, andl the final value was only about one half of that of sporangiophores of the same length which remained attached to the mycelium.
One sixth of the sporangiophores isolated in Stage 1, and grown for 40 to 100 hours, formed branches, an abnormal condition for Phycomyces. Of the 2 types of branching, apical and lateral, only the latter was usually accompanied by visible evidence of internal injury, the branch(es) arising from just below the damaged region. Often sporangiophores with such damage failed to branch, but the growth of most of these was abnormally low. Both branching and reduction in growth could be induced experimentally by lack of liquid water or immersion of the growth zone in water, but excessive pressure applied near the base had no clear-cut effect on the branching incidence, although it increased the frequency of internal injury with the attendant decrease in growth.
Isolated sporangiophores give positive phototropic curvatures in white light, and strong negative curvatures when exposed to unilateral ultraviolet illumination (280 m,u).
